Increasing numbers of 7 tesla (7T) magnetic resonance imaging (MRI) scanners are in research and clinical use. 7T MRI can increase the scanning speed, spatial resolution and contrast-to-noise-ratio of many neuroimaging protocols, but technical challenges in implementation have been addressed in a variety of ways across sites. In order to facilitate multi-centre studies and ensure consistency of findings across sites, it is desirable that 7T MRI sites implement common high-quality neuroimaging protocols that can accommodate different scanner models and software versions.
Introduction
The number of magnetic resonance imaging (MRI) scanners operating at 7T world-wide now exceeds 70 (1) . Neuroimaging researchers' access to 7T scanners is therefore increasingly common. At the same time 7T MRI is becoming available for clinical use, with commercially available models achieving regulatory certification for neuroradiology in both America and Europe (2).
7T MRI has the potential to bring increased scanning speed, spatial resolution and contrast-to-noiseratio to a wide range of neuroimaging protocols (3) . Nevertheless, significant technical challenges such as increased inhomogeneity in the B 0 and radio frequency (RF) fields and increased specific absorption ratio (SAR) burden mean that protocols used at lower field-strengths have to be adapted for implementation at 7T (4, 5) . The process of modifying and optimising an entire imaging protocol for 7T requires expert physics, radiography and neuroradiology input and is therefore often site-and hardware-specific.
With the increased availability of 7T scanners, especially within clinical environments, there is a need to ensure that, despite the varying models, suppliers, hardware and software, sites have the capability to: a) implement full protocols required for standard neuroimaging, b) collect reproducible data, and c) compare data meaningfully between sites.
In the United Kingdom (UK) the number of 7T MRI scanners has increased from two to five in the last two years, with a further two scanners to be installed in the near future. The five operational scanners include three different models of scanner, provided by two different vendors. The UK7T Network was established with a specific aim to create a set of harmonized structural and functional neuroimaging sequences and protocols that would provide all of the UK's 7T sites with the abovementioned capabilities.
Here, we describe the process by which the sequences and reconstruction processes were harmonized on three different scanner platforms. The harmonized sequences are described, along with implementation details. Example datasets from a single subject that were acquired on the three different scanner models are also made available. Based on these data, both a qualitative, and a simple quantitative, evaluation of harmonization are provided. In addition, the implementation and validation of a common system calibration process is described.
Methods

Scanners & Equipment
The MRI scanners used in this work are located at five UK university research facilities. They comprise three different models of 7T scanner. The location and technical specification of each scanner is given in Table 1 .
Each scanner was equipped with a Nova Medical (Wilmington MA, USA) single-channel transmit, 32channel receive (1Tx32Rx) head coil. All protocols were optimised for use with this coil. 
Choice of sequences
Harmonization focussed on well-established structural and functional neuroimaging sequences. Sequences for T 1 , T 2 and T 2 * weighted imaging were included for structural imaging. Functional imaging utilised gradient echo EPI sequences for measurement of BOLD contrast. Scanner characterisation and calibration sequences (B 0 and flip-angle mapping) were also included and harmonized. Precise sequence choice was guided by availability in the scanner sequence library, established use cases, and ability to make required modifications. Sequences that exploit parallel transmit (pTx) capability were not considered at this stage since pTx hardware and sequences were not available on all scanners. T 1 weighted imaging was based upon using MPRAGE-type sequences (6, 7) . Both MPRAGE and MP2RAGE sequences were included and were used for tissue segmentation. Both single and multiecho gradient echo (GRE) sequences were included for T 2 * weighted imaging. T 2 weighted imaging was achieved by using a variable flip-angle turbo-spin-echo sequence. T 1 and T 2 * weighted imaging sequences were harmonized for whole brain imaging. Due to the significant B 1 + inhomogeneity effects that are present in images acquired using spin echo sequences when single-channel transmit coils are used at 7T, T 2 weighted imaging was harmonized for a restricted brain region only.
Both single and multi-band GRE-EPI imaging sequences were included. The vendors' own single band EPI sequences were utilised. For multi-band EPI imaging, the CMRR (University of Minnesota, Minnesota, USA) implementation (8) was used on Siemens platforms due to cross-model compatibility. The site's own implementation was used on the single Philips scanner.
Spin-echo EPI variants of each sequence were included for EPI distortion correction (9) . The choice of distortion correction method was made as a result of previous work (10) , which was corroborated by further measurements made in this study (see Section 2.7).
EPI sequences were separately harmonized for whole brain functional connectivity measurements and brain activation during motor and visual fMRI experiments. In both cases an isotropic resolution of 1.5 mm was chosen, with a repetition time of ≤ 2 s.
A dual-echo GRE sequence was used for B 0 mapping. 3D DREAM flip-angle mapping was used due to its short whole-head acquisition time and its availability on all systems (11, 12) .
Harmonization -Sequences
Three aspects of the pulse sequences were harmonized: the sequence program, the sequence parameters and the radio-frequency pulses used for adiabatic inversion. Where possible, the same sequence program was used. This was always possible on scanners of the same model, and typically possible across scanners of the same vendor. Between vendors, harmonization of the same category of sequences (e.g. gradient recalled echo [Siemens] and fast field echo [Philips]) was achieved in the following way.
Core sequence parameters were set to be equal across all scanner models. This includes, but is not limited to: spatial resolution, field of view, slice/slab orientation, sequence timings (repetition time -TR, echo time -TE, inversion time -TI and echo-spacing), bandwidth, flip-angle, fat-saturation scheme and flow compensation. If equalisation was not possible, e.g. due to an imposed step size, the values were set to be as close as possible. Values were set to match those used in existing optimised protocols at the network sites, e.g. Reference (13) .
Finally, key radiofrequency pulses were matched exactly. In the T 1 weighted MP2RAGE sequences the same optimised inversion pulse was incorporated into the sequence on all scanner models (14) . In the multiband GE-EPI sequences, pulse durations were matched.
Several aspects of pulse sequences were not harmonized. No attempt was made to harmonize the in-plane parallel acceleration methods, therefore on the Philips scanner SENSE acceleration was used and GRAPPA acceleration was used on the Siemens scanners (15, 16) , but the in-plane acceleration factor was matched across all scanners. Precise gradient waveforms were also not also matched. Scanner calibration steps were not modified, although some were superseded by manual intervention (see Section 2.5). The EPI sequences for task-fMRI were optimised for specific fMRI protocols: a block design motorvisual protocol and a four-digit phase-encoded motor protocol. Details are given in Appendix A and computer code for visual cuing of the protocols is available with the harmonized sequences at Reference (17).
Harmonization -Reconstruction
The vendor's own, or sequence specific program was used for image reconstruction. Optional "black box" reconstruction steps (filters and normalisation steps) were disabled, where possible.
To enable meaningful phase imaging on Siemens systems, the reconstruction step in which signals from different receiver coils are combined was reimplemented. To match the SENSE-based coil combination approach used on the Philips system as closely as possible, a Roemer combination (SENSE R=1) algorithm was implemented on the Siemens systems as described in reference (18) and in Appendix B. In short, low resolution GRE images were acquired using the coil's array and volume elements and used to calculate coil sensitivity profiles for each subject. The coil sensitivity image was processed and fitted with polynomials in the spatial domain as described in reference (16) and stored in memory for use in reconstructing images from subsequent acquisitions on the same subject. A uniform sensitivity combination was used to replace the vendor's own sum of squares or "Adaptive Combine" combination in sequences requiring a phase image output and in the MPRAGE scan (19) .
Assessment of Harmonization
The level of harmonisation of the sequences was tested by scanning the same subject (male, 28 years old, 82 kg) at all five sites. In addition, the subject was scanned an additional four times at one site (site #1) to assess inter-session reproducibility. Different sequence contrasts were assessed using specific metrics, as described below.
T1w data were segmented after carrying out offline PSIR (phase-sensitive inversion recovery) reconstruction on all MP2RAGE data, including a simple method to denoise non-tissue pixels. (13, 20) Additionally, the MP2RAGE data were segmented using the Freesurfer longitudinal stream after inhomogeneity-correction using SPM. The mean values of cortical thickness in the right and left post-central gyri were compared across sessions and sites using a Wilcoxon signed-rank test, while the variances of these measures were compared using a Brown-Forsythe test. Coefficients of variation (CoV) were computed for each region output from the DKT Atlas.(23) Dice Similarity Coefficients (DSC) were also computed on the cortical ribbon segmentation, comparing the segmentations from the nine scans to the segmentation of the average subject space.
Multi-echo GRE data were used to calculate mono-exponential R2* relaxation rates using the Auto-Regression on Linear Operations (ARLO) method (24) . Single-echo GRE images were phase unwrapped and underwent background field removal (using a two-step LBV [Laplacian Boundary Value] and vSMV [variable spherical mean value] approach) before being used to generate quantitative susceptibility maps (QSM) using the QSMBox v2.0 (MSDI method, self-optimised scale, λ = 10 2.7 ) (25-28). In each case, quantitative values were extracted from five subcortical regions of interest (ROI), namely the: substantia nigra, red nucleus, globus pallidus, putamen and caudate. (29, 30) Standard deviation across scans of the average value within each ROI was used to quantify inter-site and inter-session variability.
Percentage BOLD activation and extent during block motor-visual stimulation was used to assess harmonisation of the multi-band EPI sequence used for the task-based fMRI. The data were motion corrected (FSL MCFLIRT(31)) and distortion corrected (FSL topup(9)). Task activation was then assessed using FSL FEAT(32)(FDR-corrected p FDR <0.01). Analysis of activation was spatially restricted by task to the occipital lobe for visual stimulus, the right pre-and post-central gyri for left-hand movement and the left pre-and post-central gyri for right-hand movement (Harvard-Oxford atlas (33) ). The CoV in BOLD percentage change (%BOLD) and extent of activation was calculated across the five sessions between sites for inter-site variation, or the five sessions at the same site for intra-site variation. To compare %BOLD across sites, a common ROI based on an intersection mask formed from the data acquired at all five sites was generated.
The motortopy task entailed a visually paced sequential button press of eight second blocks of digit movement, cycling across digit blocks. Data sets were acquired in both forward (from index finger to little finger) and reverse (from little finger to index finger) ordering (see Appendix A). A Fourierbased travelling wave analysis was performed to calculate voxel-wise phase and coherence of the BOLD response to the motortopy task using mrTools, following the methods detailed in Sanchez-Panchuelo et al. (34, 35) . Voxel-wise phase values from the travelling wave motortopy task were compared across sessions both in a pairwise manner, by polar histogram, and by calculating circular variance across sessions, using the Matlab Circular Statistics Toolbox (36) .
Four-hundred volumes of resting-state fMRI (rs-fMRI) data were collected during each functional scanning session (see Table 2 ). Participants were asked to focus on a fixation cross (approximately 2º visual angle) appearing on a black screen, with the scanning room lights off. rs-fMRI data were quantitatively assessed using temporal SNR (tSNR) measurements. Data were motion corrected with FSL MCFLIRT (31) and distortion corrected with FSL topup (9) . Temporal mean, standard deviation and tSNR images were computed. A grey matter mask was defined for the cerebrum, which was segmented into frontal, parietal, occipital and temporal lobes. Additional ROIs were defined for the cerebellum and subcortex (restricted to brain regions covered by all site protocols). The mean and standard deviation of tSNR values were calculated for each session within ROIs. To assess intersession and inter-site tSNR differences, tSNR distributions were estimated using a bootstrap method. The mean tSNR value for each ROI in each scan were resampled (sub-sampled) 100 times. From the resultant discrete distribution of ROI means, the continuous distributions were determined using kernel density estimation with a Gaussian kernel (of bandwidth=4). Inter-session and inter-site values were compared statistically with Wilcoxon rank-sum tests.
System calibration
To obtain the same contrast and signal-to-noise ratio (SNR), the transmit RF calibration of each scanner model had to be harmonized to achieve the same flip-angle distribution on a given subject. After initial calibration using vendor-specific methods, a 3D DREAM sequence was used to measure voxel-wise flip-angles in the subject's brain. Vendor-specific methods vary in measurement technique and degree of spatial localisation. Subsequently a whole brain mean flip-angle was estimated from a single axial slice and used to adjust the transmit calibration (37) . The adjustment protocol is included in Appendix C.
For most scans the vendor's own automatic B 0 -shimming process was found to be sufficient with little variation in results between scanner models. For sequences that are particularly prone to offresonance artefacts (e.g. EPI), the vendor's automatic shimming was iterated twice. On the Siemens Magnetom Terra (Sites 4 & 5 in Table 1 ) there was an additional requirement for manual adjustment. At these sites manual "iterative shimming" of the linear-z shims was performed to minimise measured linewidth.
The effectiveness of the harmonized system calibration was assessed by analysing the results of whole brain dual-echo GRE B 0 mapping and DREAM flip-angle mapping in three identical subjects on each scanner model.
EPI distortion correction
EPI distortion correction efficacy was assessed for three different methods at 7T: 1. Correction using FSL's topup using reversed phase-encode-blip, spin-echo EPI volumes,(9) 2. Correction using FSL's topup using reversed phase-encode-blip, GRE EPI volumes, 3. EPI unwarping using conventional dual-echo GRE derived B 0 field maps (FSL FUGUE). (38) Each method was used to correct a pair of reversed phase-encode-blip GRE-EPI volumes acquired using the parameters of the "Resting state fMRI" protocol in Table 3 . An assessment of distortion correction efficacy was made by calculating the root-mean-square difference (RMSD) of the corrected "blip-up" & "blip-down" volumes. The images were masked using FSL BET before the calculation.(39) Effective distortion correction should minimise differences between two otherwise identical EPI volumes acquired sequentially. This analysis was performed using data acquired on the same subject as in Section 2.5 across all five scanners, including repeats at Site #1. B 0 field-maps were acquired as described for the "structural" protocol in Table 2. 3. Results
Harmonized protocols & data release
Tables 2 and 3 list the harmonized sequences and summarises the relevant parameters of each sequence. The sequence parameters can be found in full in reference (17) . This information is accompanied by details of the necessary implementation steps, sequence versions and a description of any modifications made to the normally available (e.g. vendor's default) sequence. Source code of modified sequences and reconstruction pipelines is available by agreement. Table 3 : Harmonized functional protocols. MB = multi-band acceleration factor; PA = in-plane parallel acceleraVon (SENSE or GRAPPA). †, ‡ Due to gradient heaVng limitaVons, Site 3 ( Table 1 ) was unable to acquire as many slices in the resting state protocol whilst maintaining the same total scan time (10.5 minutes), in the same scanner in-plane acceleration was reduced to 1.5 from 2.
The DICOM (40) and NIfTI format data from the single subject assessment of the harmonised scans are made available at reference (17).
Qualitative assessment of harmonization
During the harmonization process the level of harmonization was assessed qualitatively. For example, the effect of harmonization on the MPRAGE sequence can be seen in Figure 1 . In this sequence, in addition to the sequence parameters the inversion pulse and coil combination was also harmonized. Good grey-white matter contrast can be observed throughout the brain of the single test subject on all scanners, including in the cerebellum. In comparison, default sequences showed some loss of contrast in inferior regions of the brain (Figure 1a ). The implemented uniform sensitivity Roemer coil combination produced phase images free of open-ended fringe lines, as seen in the Siemens' default combination (Figure 1e ) and reduced receive coil sensitivity induced contrast differences (Figure 1a ). Figure 2 shows example structural images acquired on the single test subject using the harmonized protocols on three of the scanners in the study, comprising one of each of the scanner models. Contrasts provided by these structural sequences are seen to be similar with low artefact levels. The largest differences are observed in the system calibration scans, but it should be noted that these images were obtained before the manual calibration steps were performed. Preliminary analysis results from functional sequences are shown in Figure 3 . Both task and resting-state fMRI results show qualitatively similar activation profiles. However, temporal SNR (tSNR) maps show data quality differences remain. 
Quantitative assessment of harmonization
No significant difference (p>0.11, Wilcoxon signed-rank & Brown-Forsythe test) was detected in the means or variance of the left and right post-central cortical thickness (derived from T1w images) when measured within site or across sites. Coefficients of Variation (CoV) were computed for the cortical thickness measured by Freesurfer for each region from the DKT Atlas (Figure 4a ), and all CoV values were below 5%.
Cortical ribbon segmentation similarity (measured using the DICE Similarity Coefficient) was not significantly different for within site repeats (p=0.43, Wilcoxon signed-rank). However, a significant difference was detected in the variance (p=0.03, Brown-Forsythe test), with the across site scans showing a 40-times greater variance than the within-site repeats. After acquisition and processing of the data it was found that gradient non-linearity geometry correction was applied differently at Site 3 compared to all other sites on T1w data. Retrospective correction of this difference made the difference in variance non-significant in the above test.
Mono-exponential R2* values calculated from multi-echo GRE data in five regions of interest ( Figure  4b ) showed no significant difference (Wilcoxon signed-rank test, p>0.05) between values measured within site (five repeats at site 1) and across sites (1 scan at all five sites). On average the mean values in the ROIs across sites were 1% lower compared to the average within site value, though the standard deviation of the values measured across the sites was on average 101% larger than the within site standard deviation. The same analysis was made on the quantitative susceptibility values, χ, obtained from the single-echo GRE data (Figure 4c ). Once again, there was no significant difference, mean values were 1% larger, and standard deviations 86% larger.
We assessed the resting-state fMRI data by calculating tSNR values across six regions of the brain (Figure 4d ). We found differences in tSNR values between sites, but inter-site differences were not statistically different from inter-session differences in tSNR (Figure 4e ; Wilcoxon rank-sum test, p>0.15 for all ROIs).
Coefficients of variation for inter-site and intra-site activation extent, %BOLD using a session-specific ROI and %BOLD using the intersection ROI are shown in Figure 4f . Motortopy phase difference histograms between sites show phase differences clustered around 0/360 degrees (Figure 4g ). The intra-and inter-site circular variance distributions demonstrate that there is no more variance between inter-site measurements of digit motortopy maps than between repeated measurements at the same time (intra-site). Figure 5 shows the whole-brain distributions of normalised B 1 + and B 0 measured from three subjects on each model of scanner (Sites 1, 3 & 4) . Prior to manual calibration of the B 1 + -field amplitude there was both a greater difference between models and a larger underestimation of the required calibration value than after calibration. Before calibration the range of mean values was 0.6-0.9 with an average of 0.73, after calibration all site means were 1.0.
System calibration
After implementation of vendor-supplied whole-brain B 0 -shimming, equivalent performance was observed at Sites 1, 2 and 3. After default calibration at Sites 4 and 5 lower performance was observed, but if manual shimming is performed the standard deviation of the voxel-wise B 0 -field distribution decreases and equivalent performance with the other sites is achieved. 
EPI distortion correction
Across all nine sessions the mean whole brain masked RMSD of Method 1 (SE-EPI) was lower (5±3%), but not significantly (t-test, p=0.32), than that of Method 3 (field-map). The mean RMSD of Method 1 was significantly lower (23±7%, t-test, p=0.03) than that of Method 2 (GRE-EPI).
Restricting the analysis to five transverse slices immediately superior of the ethmoid sinuses, Method 3 (field-map) resulted in significantly lower mean RMSD than Method 1 (SE-EPI)(31±7%, ttest, p=0.01) and Method 2 (GRE-EPI)(21±9%, t-test, p=0.03).
Discussion
Use of the protocols
These harmonized protocols have been developed to ensure that the UK7T Network's scanners are able to acquire comparable high-quality data. This is done with the aim of allowing future implementation of multi-centre patient studies and comparability of data across sites. The harmonized sequences will also form the basis of research protocols for other studies at the participating sites.
As the network covers many currently available models of human 7T scanner, the protocols and example data are released for use at other 7T-capable sites.
In addition, the protocols will be used in a future UK7T Network study, scanning dementia patients at each of the sites. The harmonized T 1 weighted sequences are also being used to acquire T 1 weighted scans from a large normative cohort, which will form a data-set for future release.
Validation of harmonized protocols
In this study we have carried out a limited validation of the harmonised protocols, looking at the results from a single subject. The cross-site CoV of cortical thickness derived from the T1w images is below 5% in all cortical regions. We also observe very small, non-significant inter-site differences in mean quantitative values in sub-cortical ROI analysis of susceptibility and R 2 * values derived from GRE data.
The analysis of the block-task stimulus, motortopy tasks and resting-state fMRI demonstrates that there is no increased variance in measurements taken across sites compared to repeated measurements at a single site. This indicates that the harmonisation of the protocols is successful to the level of scan-to-scan variation on a single subject.
Quantitative analysis has highlighted areas requiring further harmonisation effort or correction in data post-processing. Careful analysis of T1w and QSM data has highlighted differences in gradient non-linearity correction between vendors. Differences in tSNR performance of multi-band EPI sequences highlight the difficulty of harmonising such sequences given their complex design, parameterisation and reconstruction -further hampered by issues of current vendor proprietorial interests.
The full efficacy of this harmonization effort is being assessed in an ongoing multi-centre "travellingheads" study. Data acquisition, involving scanning of the same ten subjects at each site, including repeated scans of each subject at a designated home site, is complete. The data acquired will be used to assess the protocols' inter-site, subject and session reproducibility and variance.
With knowledge of the remaining variance after sequence harmonization it will be possible to identify which sequence modalities would benefit most from work to harmonize results at the analysis stage.
EPI distortion correction
In this work we have carried out EPI distortion correction using FSL's topup routine, with SE-EPI reversed phase-encode blip images providing the estimate of the unwarping to apply. This is done on the basis of previous work.(10) A simple analysis of the data collected as part of this study replicated the results of that previous work, finding that correction based on field-maps or on topup using SE-EPI measurements provide superior distortion correction to topup correction based on GRE-EPI measurements. This conclusion is made with one caveat. In areas of the brain such as the inferior part of the frontal lobe, which experience large B 0 offsets, SE EPI produces very low signal. As such, in these regions Method 3 (field-maps) performs best.
Level of harmonization and limitations
Whilst pulse sequence and reconstruction code were modified for harmonization, it was not currently feasible to harmonize all RF pulses, gradient waveforms and timings precisely. While platform-agnostic pulse sequence development tools are in development (44, 45) they are not sufficiently mature for all the required applications in this study. Complex sequences, such as EPI multi-band (SMS) were used unmodified on each compatible platform, with just parameters matched. Nor was it possible to harmonize all aspects of reconstruction without reimplementing extensive software libraries and computing hardware. Third party reconstruction software, such as Gadgetron, does offer the possibility of harmonizing reconstruction across different types of scanners (46) .
However, harmonization can increase implementation complexity, reducing the ease of initial implementation and reimplementation at subsequent locations. It may also result in compromise towards the "worst-performing" system when specifying protocol performance.
Whilst this work has focused on "key" neuroimaging sequences there are several commonly used sequences which have not been included e.g. diffusion contrast sequences. In future work the UK7T Network will continue to harmonize more complex sequence modalities.
Benefits of harmonization
By publishing these harmonized protocols and data we hope to maximise the possible benefits of sequence harmonization to the 7T MRI community. Harmonization and subsequent data sharing can help to promote reproducibility of neuroimaging, ease collaboration between sites, and enable the standardisation of analysis tools.
7T MRI has the ability to greatly enhance our knowledge of brain anatomy, function and metabolism. Disseminating expertise and technology across sites as the number of sites increases is required for 7T MRI to bring the most benefit to the field of neuroimaging.
Conclusion
Neuroimaging MRI pulse sequences have been harmonized for the 7T field strength across three different models of scanners available from two vendors. The protocols have been made publicly available alongside example datasets from a single subject on each of the UK's 7T scanners. Manual scanner calibration has also been found to be essential for the harmonized use of different scanner models and between sites.
3. The coil sensitivity data is calculated, masked, fitted using polynomials and stored. After the vendor's own image reconstruction steps (3D Fourier transform etc.) the following additional steps are performed on each 2D partition separately: a. The image from each individual receive array coil are divided by the single image received on the volume birdcage coil. This produces 32 individual raw coil sensitivity images. b. A sum-of-squares reconstruction of the array coil images is used to create a tissue mask by thresholding. The threshold is set to 10 times the noise value in the first partition in the inferior part of the image rising to 30 times in the superior part of the image. This mask is applied to the raw coil sensitivity images. A region growing algorithm is applied to the image to extend the coil sensitivity maps beyond the area of the sample. This is achieved using a 3x3 uniformly weighted blurring kernel to replace missing values resulting from thresholding within and around the edge of the tissue region. c. The masked coil sensitivity images are then fitted using polynomials (up to 4 th order) by solving equation 26 in reference (16) . The problem is weighted according to equation 29 in reference (16), using an Ω = 15. The minimisation is implemented using QR factorisation in the LAPACK "gels" function. (48) d. The fitted coil sensitivity images are then stored for later use.
Coil combination
The following steps are completed at the end of the reconstruction chain for a 3D image using the Roemer combination. The first six steps are completed partition-wise on 2D images and assembled as a full 3D image in the final stage.
1. The fitted sensitivity maps are loaded from memory. 2. The loaded sensitivity maps undergo trilinear interpolation to the imaging resolution and orientation. 3. The coil noise covariance matrix is loaded from memory, scaled to the imaging bandwidth, inverted and conjugated. 4. The interpolated sensitivity images and raw imaging data are passed to the Roemer combination calculation routine. In this function the uniform sensitivity Roemer combination is carried out in a vectorised way on all pixels simultaneously for computational speed reasons (18). 5. The combined complex image is split into magnitude and phase images. 6. Scaling using an empirically tuned constant value is applied to ensure the magnitude image range is within that of 13 (12+1) bit DICOM images (±4096).
7. The process is repeated for all partitions in the 3D image, the image is assembled and exported by the scanner's normal reconstruction pipeline.
Appendix C: B 1 + calibration using DREAM flip-angle mapping
The following instructions were included in scanning procedures for Siemens scanners. The Philips scanner followed a procedure adapted for the different user interface (different display units, 2D viewer and greyscale display). The 3D DREAM sequence was run in the following position and orientation:
Position: Whole head coverage. Orientation: Axial Angle: None.
After running the flip-angle mapping, the generated flip-angle map was loaded into the online 3D viewer. This shows a colour-map of the flip-angle measured in the whole head (units = degrees x 10).
Position the 3D view so that you can see a wholly transverse view at the point where the head is largest in the AP direction (Supporting Figure 1, left) . Use the circle ROI tool to draw an ROI encompassing as much brain as possible in the transverse view, without encroaching on non-brain tissue (Supporting Figure 1, right) .
Read the mean value. On Siemens scanners make the following calculation:
= 250 * V Ref is the "reference voltage". This value is applied as the transmit gain calibration value. On the Philips scanner an equivalent calculation is made where V Ref is replaced by the drive scale. FA target is the target flip-angle of the preparation pulses of the DREAM sequence. α is a scaling factor which tunes the calibration to a fraction of the target e.g. α = 0.8 will result in the mean flip-angle achieved being 80% of the target. This is included to ensure that the SAR limit is not breached in subjects with low B 1 + per unit drive voltage.
In the example Supporting Figure 1 the target flip-angle is 60° and α = 0.8.
= 250 * 480 438 = 274
On Siemens Magnetom 7T scanners a value between 260 and 300 V was typically realised.
*Insert Supplementary Figure 1 here*
Justification
This method was validated from a three-site, three-subject pilot study. In this study it was observed that for all subjects on all scanners the mean B 1 + in mid-axial slices was < 10% of the whole brain 
